Doubling method is the technical barriers in maize haploid breeding. It was very important to establish the independent intellectual property rights for doubling method. In this experiment, the maize haploid inducer, TG15, was used for producing maternal haploids. Also, haploids were obtained from two kinds of maternal genotypes involved in the experiment, including high-oil type and common type. Significant differences were observed among offspring of various genotypes in the recovery of haploid fertilization. In 21 hybrid offspring haploids, the average powder rate was 8.28%, and the seed setting rate was 4.98%. The experimental results showed that when the hybrids were treated with 0.08% colchicine, the average powder rate and seed setting rate of offspring haploids were 35.53 and 20.30%, respectively, which were significantly higher than the hybrids with natural recovery ability. This study primarily established the doubling method of haploids called "bud seedling method" in China which was very practicably in maize doubled haploid breeding.
INTRODUCTION
In recent years, seed companies have regarded haploid technology as the main breeding technology of maize inbred lines in developed countries, and they have established a special "doubled haploid (DH) production department" for producing the homozygous inbred lines in the commercial maize breeding system at a large scale (Jiang et al., 2014; Dong et al., 2015) . In China, many studies have focused on the application of maize haploid technology, including the selection of induction system, hybrid induction, doubling method, technical specification of haploid, etc. Cai et al., 2013) . Following the continuous selection of new induced lines and increasing induction rate of haploid, it is important to improve the doubling rate immediately. The chromosome doubling and DH system was needed to produce haploids for breeding. The main technological obstacle in the haploid breeding technology is the doubling method of haploids, which is also the important reason that haploid breeding could not be applied broadly. Many scientific research institutions and companies consider the haploid breeding as the routine way to produce inbred lines; however, these methods could not be applied because they were in a state of securing patent protection (Prigge et al., 2012; Zhao et al., 2013) . Therefore, we considered developing a doubling method with independent intellectual property rights for promoting the development of haploid technology in our country. The aim of this study was to explore a distinctive doubling method to improve the rate of haploid breeding.
MATERIAL AND METHODS

Induction and primary identification of haploid
The hybrids with large cultivated area in the northeast of China (NH101, ZD958, XY335, HO5598, and HO115) and some cross combinations with high yield (JNTG1-JNTG16) were selected and planted in Jilin Agricultural University experimental station (Changchun, N 43.88°, E125.35°) in 2014 summer. Among these hybrids, JNTG5, HO5598, and HO115 were high-oil type, and the others were common type (Table 1) . These hybrids included the main heterotic patterns and shaft hybridization systems in production at present. Every cross combination was planted in two lines. The pollens of TG15 { (Stock6 × CAU5) × CAU5]× RWS}× RWSwere collected after spinning for about 3 days, and 5 to 10 ears were found to be hybrid.
The hybrid ears from one combination were threshed and mixed after harvest. The identification procedure of haploid was as follow: first, primary identification was conducted according to grain color (Nanda and Chase, 1996; Wu et al., 2014) : the putative haploids showed purple endosperm and non-purple embryo (Figure 1a ), whereas the diploids (Diploid = Doubled haploid) showed purple endosperm and a strongly pigmented purple embryo ( Figure  1b ). All putative haploids were seeded in Sanya (N18.14°, E109.31°) examinational station in 2014 winter, and they were further identified according to their growth condition in fields, plant color, and tassel fertility. The diploids showed flourishing growth, purple stems, and fertilized tassels with high pollen dispersal. On the other hands, the haploids produced weak and small plants and unfertilized tassels or some fertilized ones ( Figure 1c ). Haploids with tassel pollen dispersal were selected and inbred. Haploid plants with powder in the tassel were selected for selfing in the flowering period. We investigated the natural fertility recovery degree according to the haploid appearance in fields: Powder rate of haploid = powder haploids/all haploids x 100%; Seed setting rate of haploid = seed setting haploids/all haploids x 100%; Relative seed setting rate of haploid = seed setting haploids/powder haploids x 100%.
The powder haploids refer to the haploid plants having powder in the flowering stage in summer; the seed setting haploids refer to the haploid plants capable of producing kernels in the ears in autumn. 
Bud-seedling double method and primary evaluation
In this study, we established a new doubling method for haploids called bud seedling method. The top of a haploid bud was excised after its growth up to 2 cm, immersed in colchicine, and then transplanted in a greenhouse and field. The basic procedures of the bud seedling method were established using materials from 21 different hybrid haploids in Changchun examinational station in 2015 summer (Table 1) . Five hybrids (HO5598, ZD958, NH101, XY335, and JNTG5) were selected for investigating the doubling effects of different concentrations of colchicine (CK; 0.04, 0.06, and 0.08%) at Sanya examinational station in 2015 winter.
RESULTS
Recovery of natural haploid fertility and chemical doubling
Significant differences were observed in the natural recovery ability of tassels among different haploids ( Figure 2 ). Most haploids were sterile with whole tassels showing no anther dehiscence (Figure 2a ); some haploids showed partial recovery of fertilization with some opening anthers and powder on part branches ( Figure 2b) ; some haploids showed all opening anthers, but shrinking and in dehiscence of the anthers with relatively lower fertilization ( Figure 2c ); some haploids showed normal powder and almost as much as diploids ( Figure 2d ). Significant differences were observed in the natural recovery ability of tassels among different genotypes. In this study, 21 hybrids were used as female parents, and were subjected to haploid induction. It had no statistical significance because of some genotypes with only a few haploids. Thus, we evaluated this part of haploids with mixed planting and they were described as "other" in the Table 2 ; the genotypes with more haploids were assessed separately ( Table 2 ). The hybrid XY335 showed the highest powder rate (11.84%) and HO115 showed the lowest (4.12%) with a seed setting rate of only 1.23%. However, some hybrid combinations, such as JNTG5 and HO5598 showed high powder rates and low seed setting rates. In all assessed 1462 haploids, 121 plants were capable of powdering, and their average powder rate was 8.28%; approximately 50 grains could inbreed and fruit, their average and relative seed setting rates were 4.98 and 41.32%, respectively. This study used the bud seedling method to produce double haploids in 2015 summer. Because plants need be treated at the seedling stage and then transplanted in fields in this method, some of the plants died in this process. The overall survival rate of treated plants was only 69.78%. Among the survived plants, 40.10% were haploids as determined by their appearance in fields. As shown in Table 3 , significant differences were observed in the doubling effects of haploids with different genotypes; even though it had a few haploids with different genotypes which were used in this experiment. Among these haploids, JNTG5 showed the lowest (5.13%) and ZD958 showed the highest powder rate (42.50%). Generally speaking, plant materials with relatively high powder rates should have high seed setting rates; however, we observed some exceptions. For example, the powder rate of HO5598 was 24.47%, but its seed setting rate was only 4.26%. On an average, 88 haploids had powder, and their powder rate was 26.04%; approximately 50 haploids could fruit, and their seed setting rate was 14.79%. The relative seed setting rate was 56.82% in the treated 338 haploids. In 2015 winter, different concentrations of colchicine were selected to double haploids based on the doubling method described in 2015 summer. The doubling effects were compared at different concentrations of colchicine. We found that in natural doubling method, the average powder rate and seed setting rate were 8.54% and 4.52%, respectively, which were in agreement with the doubling method described in 2015 summer (Table 4 ). The powder rate and seed setting rate increased with increasing concentrations of colchicine. When the concentration of colchicine was 0.08%, the average powder rate and seed setting rate were 35.53 and 20.30%, respectively. As shown in Figures 3 and 4 , an increase was observed in the powder rate and seed setting rate of each haploid plant with increasing concentrations of colchicine. However, the haploid HO5598 was an exception; its seed setting rate was lower than 0.06 at 0.08% colchicine. This might be related with the small sample size in statistical analysis.
DISCUSSION
Natural recovery of haploid fertilization
Even though haploids have one set of genome, they exhibit recovery of fertilizer to some extent, making the natural doubling of haploids possible. Several studies have shown that the degree of recovery of fertilizer was higher in female ears than tassels, and that the inbreeding and fruiting ability of haploids depended on tassels. Chalyk et al. (1994) reported that 234 haploid female ears were pollinated with other maize pollens, in which 97% ears showed seed setting, and the average ear produced 26 grains. The maximum number of grains produced by an ear was 107. Geiger et al. (2006) obtained more grains per ear. Liu and Song (2000) also found the similar results. Therefore, the powder rate of tassels could be considered as a standard in doubling studies at present. However, our study found that the non-coordination of female and male led to production of tassel powder, but did not obtain any inbred grains probably because of the female plant materials used in our study.
Our study mainly focused on the recovery of tassels fertilizer. Although the size of study materials was small, but significant differences were found in the powder rate among offspring of different plant materials, while the seed setting rate was much larger (Tables 2 and 4 ). The fertilizer recovery of maize haploid tassels was commonly low. Chase's study revealed that natural doubling rate of haploids was about 1% (Chase, 1952) . Chalyk et al. (1994) studied a total of 1634 haploids for two years and found that only 2.6 and 3.3% haploids were capable of inbreeding and fruiting, respectively. The seed setting rate was slightly higher in this study than the previous studies. Thus, it was crucial to conduct artificial doubling of haploids to obtain more inbred offspring.
The difference in fertilization recovery among haploids of different genotypes revealed that the fertilization might be genetically controlled. Zabirova et al. (1993) even reported an offspring haploid with very strong recovery of fertilization; its inbred seed setting rate was 33%, which was obtained after four times of fertilization recovery. Some studies demonstrated that the haploids exhibited relatively higher fertilization recovery rates after multiple inductions than the common method (Shatskaya et al., 1994; Gayen and Sarkar, 1996; Testillano et al., 2004) . They considered that the fertilization of haploid tassels was controlled by nuclear genes in an additive manner. Furthermore, we determined the powder and seed setting rate of hybrid ZD958 offspring after natural or artificial doubling, and suggested that a high fertilization recovery rate was needed for further study. Except for genotypes, Liu and Song (2000) reported that the planting environments had a close relationship with fertilization recovery, and they thought that natural fertilization recovery of haploid tassels had positive (or negative) correlation with the change in environmental temperature at the early growth stage (or diurnal amplitude). Due to the limited study environments and materials, our results needed further confirmation. The fertilization recovery of genotypes and environmental differences suggested that we could select materials with high fertilization recovery to develop haploid breeding and suitable stations for natural doubling of haploids.
The mechanism of the natural recovery of haploid fertilization is unclear yet. Gayen et al. (1994) studied the pollen mother cells of maize, and observed that the protoplast fusion occurred among cells, and the chromatin transferred from one cell to another one. They thought that it had a close relationship with the improvement of pollen fertilization and seed setting of female ears. Chalyk et al. (1994) reported that Khoklov studied 17,800 somatic cells of maize haploids, and found that 0.42% of them were diploids. It was clear that the haploid somatic cells had a natural diploidization tendency, but it was unclear whether this phenomenon had a relationship with protoplast fusion. Testillano et al. (2004) reported that chromosome doubling occurred during the formation of microspores in early-stage embryogenesis during the culture of maize in vitro, and considered that karyomixis might induce the chromosome doubling. Some researchers attributed some other factors, such as endoreduplication, endomitosis, and fusion of sperm and vegetative nucleus in pollen tube, to chromosome doubling (Jensen, 1974; Testillano et al., 2004) . Wei et al. (2003) studied the somatic cells and pollen mother cells from 10 haploids, and found that 9 plants had certain proportion of diploid cells, and only 3 plants were with n = 20 chromosomes; however, the rate of diploidization was higher in pollen mother cells as compared to somatic cells. Therefore, they held that the diploidization of somatic haploid cells was the premise of the existence of diploid cells in sexual cells. It could be inferred that haploids had a possibility of diploidization in the whole growth period; once the diploidization occurred in sexual cells, they could produce the fertilized pollens. Different haploids showed different degree of fertilization recovery (Figure 2 ). In haploids, some individual flowers were fertilized, some were partial branches, and some were whole tassels, indicating that it was caused by the diploidization of sexual cells at different periods. In recent years, few studies have focused on the diploidization of somatic or sexual cells (Tang et al., 2009) . Study on recovery mechanism could largely help us to better understand the natural doubling of haploids, enabling us to take measures to promote the diploidization of haploids cells.
Efficient methods of haploid doubling
The haploids showed different degrees of fertilization recovery; however, the population frequency was still too low to meet breeding specifications. Therefore, artificial doubling was the primary method of haploid doubling, in which colchicine, an inhibitor of cell division, is mostly applied for doubling haploids. When compared with other crops, the doubling of maize haploids was very difficult, with different genotypes of maize showing large differences in haploid doubling response. Therefore, researchers tried to identify various methods of haploid doubling, but none were ideal. At last, Gayen et al. (1994) gained a breakthrough progress, in which bud tips were cut off and treated with colchicine. However, these results were not enough to satisfy the need of breeding yet. Our study was based on the results of previous studies, and to our knowledge it is the first report of the doubling method of haploids named "bud seedling method" in China. Among different concentrations of colchicine used for haploid doubling, we found that the 0.08% colchicine provided better results than 0.06%, and the powder was observed in all plant materials treated with over 20% colchicine. Eder and Chalyk (2002) reported that in different plant materials, the average doubling rate obtained by using the bud seedling method was 49%, which was significantly higher than that obtained by using the injection method at 3 to 4-leaf stage (16%). The doubling effects observed in this study were obviously different from those observed in the previous reports; this might be related to the difference in plant materials and planting environments, not in the doubling methods. Besides colchicine concentration, other factors, such as adjuvant, temperature of treatment, soaking time, planting environments, etc., have an influence on the doubling effects. Therefore, it is important to explore all factors that might influence the doubling effects of haploids in order to find the best factor combination for optimal haploid doubling and complete the standards of haploid doubling.
Although colchicine provides better doubling effects, it shows high toxicity. It not only induces malformation or death in seedlings, but also poses great risk to human health. Therefore, finding a new chemical substitute for colchicine was an important part of the studies on haploids doubling. Recently, some cell division inhibitors with similar functions, such as amiprophosmethyl (APM), pronamide, oryzalin, and trifluralin, were proved to have better doubling effects. Kato and Geiger (2002) reported that nitrous oxide (N 2 O) showed good doubling effects; however, the facility used in doubling was too special to influence its application at a large scale. Häntzschel and Weber (2010) developed the selected system using the root tips of maize, which also proved that the herbicides, APM and pronamide, had better doubling effects. Therefore, it was necessary to focus on these herbicides to find their best treatment concentration and method for haploid doubling. At the same time, it was still necessary to establish an effective drug selection system, and to find the safe and effective doubling regents.
Besides chemical regents, another important aspect was assisted pollination. Generally speaking, pollens from an anther could obtain a few grains to multiply offspring; however, mostly the anthers do not succeed in powdering after successful doubling. Therefore, assisted pollination could largely improve the rate of inbred grains by promoting the powdering of anthers and fully using the pollens of tassels.
